Regeneration of the Lens, Iris, and Neural Retina in a Vertebrate Eye ** by Stone, Leon S.
Departments of Anatomy, Yale University School ot
LEON S. STONE Medicine and Osborn Zoological Laboratory,
Yale University
REGENERATION OF THE LENS, IRIS, AND NEURAL RETINA
IN A VERTEBRATE EYE**
In all classes of vertebrates the lens arises in the embryo from the surface
ectoderm, which normally comes into contact with the early optic vesicle as
it grows out from the wall of the brain on either side. Spemann8 in his
Silliman Lectures reviewed his experiments and those of others on the
embryonic eyes of amphibians which showed that for the lens this contact
has particular significance. If the contact fails to take place, no lens de-
velops. If the normal presumptive lens-forming ectoderm is replaced by
ectoderm taken from other regions of the body of the same or even another
species of embryo, it will also be induced by the underlying eye tissue to
form a lens rather than the skin it would have formed had it remained on
the donor.
A study of experimentally produced cyclopian monsters in amphibians"
also showed very well the influence of the early developing eye upon the
origin of lens tissue. The degree of fusion of the eyes determines the degree
of fusion of the induced lenses. When the two eyes are completely fused
into a large median-placed one, a single correspondingly large lens is induced
if contact is made with the surface ectoderm. If there is no contact, a lens
fails to develop.'
When a lens is fully differentiated, it is suspended by zonular fibers
extending from the ciliary processes. But if the original lens is detached
from these fibers and entirely removed from the eye, leaving no remnant of
lens tissue, what are the chances that it would be replaced by some form of
regeneration? It would appear at first that replacement of the lost lens is
not possible.
Twenty years ago' we found that fragments of the lenses of various
amphibians and fishes, implanted into the eye, have the ability to organize
and form new lens fibers if they included a normally high proliferating
region of the epithelium along the equator of the lens. The organization and
growth were best in the eyes of younger animals. In some adult salamanders
* Bronson Professor of Comparative Anatomy.
** Aided by grants from the National Institute of Neurological Diseases and
Blindness, National Institutes of Health, U. S. Public Health Service (B-23).
464Regeneration in eye I STONE
which possessed the ability to regenerate lens from iris tissue, lens frag-
ments did not survive. We shall describe these experiments later.
In 1900 Randolph reviewed the work of earlier investigators who claimed
regeneration of the crystalline body of the rabbit lens after its removal. The
evidence was chiefly based upon macroscopic observations. They reported
that regeneration did not appear unless the lens capsule was present. Later,
when microscopic methods became available, the cells at the equator of the
lens were suggested as the source for the replacement of the host lens tissue.
However, not much careful work had been done up to the time of Ran-
dolph's experiments. He removed the lenses from 20 rabbit eyes and also
found that when the entire lens was removed it was not replaced. When
the capsule and a portion of the crystalline body remained behind there were
in some cases evidence of lens regeneration. The volume of the regenerated
lenses was found equal to the original lens in one case 11 months after
operation. He concluded that the formation of new lens tissue was brought
about by both the hypertrophy of lens fibers left after operation and by the
continued development of the lens-forming cells in the nuclear zone along
the equator of the lens.
Recently Chanturishvili' and his coworkers, Russian investigators, have
introduced small fragments of cytolyzed fetal tissues into the emptied lens
capsule of adult rabbits and mice. It is claimed that normal regeneration of
the crystalline body takes place after a long time only in the presence of the
products of the cytolyzed tissue. In fact they believe that the entrance of
cytolyzed foreign cell material is important for the development of the
embryonic lens in the beginning.
Two British investigators, Stewart and Rpinasse,l' have repeated the
Russians' experiments on a few rabbits. Their gross observations by slit
lamp bio-microscopy up to 11 months after operation have led them to
believe that their findings may confirm those of the Russian investigators on
rabbits. They kindly brought their rabbits from the University of Hull to
Cambridge University, where I was visiting in August 1959, and demon-
strated the conditions seen in the living eyes. It will now be most interest-
ing to see what the gross dissection of these eyes and the microscopic exam-
inations reveal. Their experiments are being continued with this in mind.
Among our earlier experiments dealing with regeneration in lens frag-
ments8' and lens removal in various species of amphibians, there were many
eyes which possessed no ability to replace a lost lens by any form of regen-
eration. However, one adult newt of this group which did replace a lost
lens, the common aquatic-dwelling, vermillion-spotted salamander, Tritu-
rus v. viridescens, belongs to a limited group of salamanders in which a lens
will regenerate by a budding process from the dorsal pupillary margin of
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the iris after its original lens is completely removed. This phenomenon was
first discovered by Colucci in 1891 and has been studied by various investi-
gators. Their findings have been recently reviewed by Reyer.' A brief
summary will therefore be made of the present author's extensive study of
regeneration of the eyes of the adult vermillion newt mentioned above.
When the original lens is removed through a slit in the cornea of the eye
of the adult newt,' (Figs. 3-22), the pigment epithelial cells along the dorsal
pupillary margin of the iris at 12 o'clock gradually thicken, lose their pig-
ment, and proliferate, by a budding process, an epithelial vesicle which
gradually differentiates into a lens. In about a month it is detached from its
source of origin, remains suspended behind the pupillary space, and after
many months of growth it attains the size of the original lens which was
excised.
Lens regeneration is inhibited by the presence of living lens tissue even
though the lens tissue is transplanted from another species.' Other tissues
do not. A mechanical factor exerted by a spherical body, such as a wax or
glass bead, plays no inhibiting role. If the normal lens is left in place, and
the dorsal iris is isolated from it by inserting a thin sheet of plastic mem-
brane to prevent the dorsal iris from being bathed by aqueous humor in
contact with the intact lens, lens regeneration is then released. Aqueous
humor obtained from an eye containing a normal lens and injected daily
into a lentectomized eye prevents lens regeneration only as long as it is
injected.' These and other experiments demonstrate that the living lens
tissue gives off some substance into the aqueous humor that inhibits lens
regeneration.
We have also found that the presence of the neural retina is essential for
the release of lens regeneration as soon as the inhibiting factors are elim-
inated. For as long as two months' dorsal iris tissue was isolated from the
neural retina by plastic membranes inserted into lentectomized eyes, by
permanent removal of the retina,' and by keeping iris membranes in tissue
culture for some time.' Lenses regenerated as soon as the isolated iris
membranes were transplanted to lentectomized eyes in the presence of a
normal retina. Some experiments indicated that the amount of lens tissue
regenerated depended upon the amount of neural retinapresent.
Some of our experiments showed that the neural retina influences the
polarization of a regenerating lens. This was revealed'1 by reversing the
dorsal iris and by controlling the position of a patch of retina tissue with
respect to the iris. The lens-forming pole always pointed towards the area
occupied by the neural retina membrane, just as it does during normal
development.
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By transplanting various segments of the iris along the pupillary margin
to lentectomized eyes it was found that the lens-forming cells are located
only along that part of the pupillary margin in the dorsal iris tissue.' By
producing accessory openings in all regions of the iris' we found that small
lenses developed from the margins of the artificial openings (Fig. 1) which
were located over a broad area of the dorsal iris region, but in the dorsal iris
only. We also found' that when permanent openings were made in the
dorsal retinal wall by implanting pieces of plastic membranes, small lenses
often developed from the retinal pigment cells from the border of these
openings. Transplants of retinal pigment membranes placed in lentecto-
mized eyes also will give rise to small lenses, only if the grafts came from
the dorsal region.7 Therefore it is quite clear that during the development
of this newt eye, presumptive lens-forming cells become localized over a
wide area in the dorsal region ofthe eye.
In many groups of vertebrates very little is known about the regenerative
capacity of the iris. In the few fishes which we have examined so far there
has been no evidence of iris regeneration. We have experiments in progress
for studying the possibility of regeneration in the iris of birds and some of
the smaller mammals. These studies are of particular interest for there is
yet no good explanation why the epithelial and connective tissue elements of
the human iris exhibit no capacity for regeneration.
In the amphibians, especially in the salamanders, the situation is quite
different. Varying amounts of iris tissue were removed in the adult newt
eye.t The wound margin of the iris usually heals readily and becomes
thicker within a few days. Then the inner and outer epithelial layers of cells
begin proliferating a thin, sparsely pigmented membrane. This advances
quite rapidly but the length of time required for complete regeneration
depends largely on the amount of iris excised. The connective tissue stroma
on the outer surface of the iris also keeps pace with the advancing epithelial
membrane. When the whole dorsal half of the iris was removed up to the
margin of the ora serrata,t regeneration was complete in about six weeks.
In all of these cases a new lens regenerated from the regenerating dorsal
iris at any time the normal lens was removed.
In another group of experiments the entire iris was excised along with
adjacent rim of the retina at the ora serrata.? This left no remnant of iris
tissue. Most of the eyes slowly recovered, although for a long time they
were much smaller than normal. The retinal pigment cells bordering the
wound slowly proliferated to form a new iris membrane. Some eyes at the
end of three months (Fig. 2) showed a completely restored iris. In these
cases also the regenerating dorsal iris regenerated a lens from the regenerat-
ing dorsal iris whenever theoriginal lens was removed.
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Regeneration of the optic nerve in any vertebrate eye would in the first
place depend upon the status of the retina and in particular on the ganglion
cells which supply the nerve fibers of the optic nerve and which connect
with the proper stations in the optic tectum. The effects of a temporary loss
of blood supply to the functional retina are usually severe. The entire retina
may degenerate rapidly, and if there are no cells capable of regenerating a
new retina, permanent blindness would result as in fishes."'
In order to study the development of the visual mechanism, in 1924, I
explored among the vertebrates for a functional eye which could be success-
fully transplanted with return of vision. The eyes of larval and adult sala-
manders provided a tool for these studies. For earlier stages in the develop-
ment of the mechanism, operations were also performed on embryos of the
salamander. The author's results have been recorded in many publications
and in several motion picture films. References to them can be found in
more recent publications,'618 " andthose cited in this discussion.
It was found in transplanted eyes of larval salamanders, including those
exchanged between animals of different species, that the retina survived and
the optic nerve fibers grew rapidly back to the brain again, to bring about
return of vision. However, in transplanted eyes of adult newts, the neural
retina completely degenerated quite rapidly, although the blood circulation
was re-established early after operation. The retina pigment epithelium
survived (Fig. 4). These cells changed from flat to columnar in shape, and
by mitosis an inner single layer of nonpigmented cells was formed. These
cells by rapid proliferation gave rise to a thick membrane which differen-
tiated into a new neural retina (compare Figs. 3 and 5). Nerve fibers from
the new ganglion cells made their exit from the nerve head and followed the
course of the old degenerated optic nerve to reach the optic centers of the
brain. Usually return of vision can be demonstrated between two and one
half to three months after this type of operation where the neural retina is
eliminated by degeneration.
Regeneration is much more rapid if the entire neural retina is removed
through a dorsal slit in the eye wall.'8 The denuded retinal pigment cells
regenerate a new neural retina in the same way, but more rapidly than in
the grafted eye. When retinal pigment cell membranes are implanted but
isolated in the chamber of other eyes, they also form neural retina tissue.'8'
even though they are not vascularized.
The capacity for regeneration of the retinal pigment cells in the eyes of
the newts is very great. It was found that the same eye' can be transplanted
as many as four times (Fig. 8) to different hosts with regeneration of neural
retina and return of vision each time. It was also shown that the eyes of the
adult newt can be successfully transplanted after seven days of refrigera-
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tion." The newly regenerated retina appears to be permanent, for some
transplanted eyes have remained fully functional and possess normal appear-
ing retinae for as long as four years and seven months after operation (Fig.
6). Although the transplanted eyes may be somewhat smaller than they
were originally their appearance is quite similar to the normal eye (Fig. 7).
We have grafted the eyes of many different species of adult salamanders
to the common vermillion spotted newt, where they function as a visual
organ on the new host for a long period of time. For this to be accomplished,
it means that the organization in the eye and the brain in each case must be
quite similar.
Such experiments as these made it possible to exchange eyes between
species which normally exhibit marked differences in visual acuity. When
an eye from an animal with a normal low visual acuity is transplanted to a
newt which normally possesses a higher visual acuity, the new host with
that eye demonstrates a sharper vision than the donor, but not as high as
with its own eye. The brain in this instance seems to have contributed
something to the quality of vision. Studies of this nature have also been
made by the author in eyes exchanged between larvae of different species,
where the retinae do not degenerate. The optic nerve in these cases rapidly
regenerates and then establishes vision. However, to restrict regeneration
only to the optic nerve in the eyes of adult newts it is essential to cut the
optic nerve without interference with the blood supply to the retina.0
It was found"'1 when the embryonic eyes of salamanders in many stages
in development were excised, rotated 1800, and reimplanted, all hosts where
the eyes had been rotated before the optic cup stage of development later
showed normal vision. However, all hosts whose eyes had been rotated
1800 in the early optic cup stage or later showed all visuo-motor responses
were reversed. This indicated that in an early stage before the future retina
has been differentiated the presumptive functional quadrants of the neural
retina are already polarized before the ganglion cells are even differentiated.
These studies, which are now in progress, can be extended further, for the
embryonic eyes can be exchanged between salamanders of different species
so that later a large functional eye on a smaller species (Fig. 9) and vice
versa can be studied with respect to visual pattern and the effects upon the
organization of the optic tectum.
We know that if the optic cup is removed from its normal environment
and placed upon the side of the body of an embryo of the same age, it will
complete its development and differentiate during the larval life of the host
(Fig. 10). If it is then transplanted to another larval host of the same age
and put in place of a functioning eye, the optic nerve will regenerate and
eventually connect with the brain and establish vision. In this case, of
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course, the retina survives. Normal or reversed vision depends upon
whether the transplanted eye is normally oriented or rotated 1800. At this
early stage of development the eye can therefore develop into a potential
functional eyewithout continuous connection with the brain.
We have already mentioned that the functional polarized neural retina in
the eyes of adult newts degenerate and then regenerate when the eyes are
transplanted. Therefore, we shall examine briefly the functional organiza-
tion of the new neural retina which is regenerated from the surviving single
layer of retina pigment cells. This provides an unique opportunity for a
variety of studies concerned with the development of the mechanism of
vision. Sperry`~has published a number of excellent studies on the func-
tional recovery of vision after the regeneration of the optic nerve in trans-
planted rotated eyes of amphibians and fishes. References to only a few are
included here. Wherein his experiments overlap those of the present
author'" there is good agreement in the results. I shall give here only a
brief account of methods and main findings to indicate the part which the
regenerating new retina of the salamander eye offers in these studies.
If the eye is excised and reimplanted with normal orientation and the
other normal eye is removed, all visuo-motor responses later are normal.
The animal moves toward and follows a moving lure, such as a dark-
colored bead impaled on the end of a wire, as it approaches the nasal,
temporal, dorsal, and ventral quadrants of the fields of vision. However, if
the eye is excised, rotated 1800, and then reimplanted, reversing all poles,
the visuo-motor responses, as they gradually return, are completely re-
versed. The animal darts incorrectly in the opposite direction as the lure
approaches it. These reactions are the same as in control animals, where
the eye is simply rotated 1800 in situ, and fixed in place after cutting only
FIG. 1. L2-lens regenerate in accessory opening produced by plastic membrane, M.
LI-lens regenerate in primary pupil.
FIG. 2. Regenerated iris from retina pigment cells 103 days after complete iridectomy.
x8.
FIG. 3. Normal retina of adult newt eye. x125.
FIG. 4. Complete degeneration of neural retina. Retina pigment cells survive
(indicated by arrow), 16 days after eye was excised and reimplanted. x125.
FIG. 5. Complete regeneration of neural retina from retina pigment cells 77 days
after eye was grafted. x125.
FIG. 6. Transplanted rotated (1800) eye 4X2 years after operation. Continuous
abnormal vision. x8.
FIG. 7. Normal eye of adult newt. x8.
FIG. 8. Eye 4 months after fourth successful transplantation with return of vision
each time. x8.
FIG. 9. Young adult Amblystoma punctatum host with large right A. tigrinum eye
which was transplanted 101 days earlier in an embryonic stage of development. x6.
FIG. 10. Salamander larva (A. punctatum) with normal developing eye on side of
body 10 weeks after optic cup was implanted. x6.
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the conjunctiva and muscle attachments. The blood supply, optic nerve,
and original retina are then preserved in the animal so that vision is unin-
terrupted.
In some cases in which the transplanted, 180°-rotated eye had been func-
tioning abnormally for two years, the eye was excised and reimplanted in
the normal orientation. When vision returned again, the visuo-motor re-
sponses were normal.
In some animals the reversed vision had persisted for four years and
seven months after operation (Fig. 6). In these cases the eye with the
regenerated retina was then rotated in situ back to normal position without
injury to optic nerve or retina. Normal vision was immediately restored.
It was shown that it is possible to study in the same transplanted eye the
effect of rotation on two opposite quadrants of the retina, while the other
two remained normally oriented. This is accomplished by exchanging right
and left eyes with proper orientation. When the retina and optic nerve
regenerated, vision was reversed only in those retinal fields which were
reversed. These experiments prove that the various functional quadrants of
the regenerated retina are always restored, regardless of its orientation.
How the regenerated optic nerve fibers reach the proper brain centers to
register the position of the retinal field is still unknown.
At present, very little has been done to explore what hidden capacity, if
any, the retina pigment cells have in the eyes of many vertebrates at any
stage in development. We have in progress a study of this question in the
eyes of birds and some of the small mammals. This is a very fruitful field
for many who may choose to explore it.
SUMMARY
From the results of these experiments it is obvious that the eyes of
salamanders present unique opportunities to study not only the development
of the visual mechanism from the embryonic to the adult stage, but the fac-
tors which play an important role in regeneration of specialized tissues.
These experiments have demonstrated that in one type of vertebrate eye
the presumptive functional fields of the retina become polarized before cellu-
lar differentiation takes place and therefore before the optic nerve fibers
from the ganglion cells in the retina reach the developing optic tectum. We
know that a state of hyperplasia or hypoplasia of the optic tectum can be
experimentally produced in salamanders by connecting it with an unusually
large or small eye of different species during early development. In this
way we can also learn more about the possible influence the eye exerts upon
the functional organization of thevisual mechanism in thebrain.
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The eyes of certain salamanders are also remarkable due to the fact that
in them the retina pigment epithelium is capable of giving rise to neural
retina, iris, and lens tissue under appropriate experimental conditions. It
would be interesting to explore from an embryological point of view how
this is brought about and whether or not it temporarily exists at any stage
of development in other vertebrate eyes.
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